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The phosphoprotein P of human respiratory syncytial virus (RSV) was expressed in eukaryotic cells in phosphorylated
form. Site-directed mutagenesis of the recombinant protein established Ser232 as the major site of phosphorylation in vivo.
Phosphorylation of bacterially made P protein in vitro by purified casein kinase II (CKII) resulted in the phosphorylation of
Ser237, whereas mainly Ser232 was phosphorylated by a crude cell extract. The P kinase activity in the cell extract exhibited
properties characteristic of CKII. While the Ser232,237 to Ala double mutant was nearly completely defective for phosphorylation
and transcription, phosphorylation at Ser232, through the use of appropriate P mutant or kinase, activated P protein. Phosphor-
ylation of Ser237 restored activity only to the extent it facilitated phosphorylation of Ser232. Phosphate groups of P protein
in RSV-infected cells were highly stable; inhibitors of protein serine phosphatases had no effect on the intracellular turn-
over of the phosphates. Highly purified viral polymerase L was transcriptionally active but devoid of P protein kinase activity.
Thus, CKII-mediated phosphorylation of Ser232 appears to be the primary regulator of P protein activity while phosphorylation
of Ser237 may be involved in a modulatory role under certain conditions. q 1995 Academic Press, Inc.
INTRODUCTION well as proteolytic analysis of the viral P protein (Vil-
lanueva et al., 1994) located the phosphate groups near
Human respiratory syncytial virus (RSV) is the leading the C-terminus of the protein. Moreover, use of recombi-
cause of respiratory illness and death in young infants nant P proteins mutated at specific Ser residues resulted
worldwide (Heilman, 1990; Hall, 1994). It is the prototype in the identification of Ser237 as a major site of phosphory-
member of the pneumovirus genus in the family Paramyx- lation by purified CKII in vitro (Mazumder et al., 1994). In
oviridae and contains a nonsegmented negative-strand the present communication, we have continued these
RNA genome about 15 kb long. The 10 characterized studies further and investigated the nature of phosphory-
genes are arranged in the linear single-stranded genome lation of P protein in vivo, its possible phosphorylation by
in the order: 3=1C-1B-N-P-F-M-G-SH-22K-L5= (reviewed by viral L protein, and the transcriptional activity of various
Collins, 1991). While the mechanism of viral gene expres- phosphorylated species of P protein.
sion is not known in detail, we have recently shown that
an active viral transcription complex could be reconsti-
MATERIALS AND METHODS
tuted in vitro using the N-RNA template (genomic RNA
complexed with nucleocapsid protein N), the viral L pro- Cloning and expression of P gene and its mutants
tein, and phosphorylated viral P protein (Mazumder and
RSV (long) P gene and its mutants were PCR-amplifiedBarik, 1994). In addition, functional transcription required
from the corresponding bacterial (pET-3a) clones con-cellular protein(s), at least one of which was actin (Barik,
structed previously (Mazumder et al., 1994), and sub-1992; Huang et al., 1993; Mazumder and Barik, 1994).
cloned between BamHI and XbaI sites of pcDNA3 (In-The in vitro system was then exploited to address the
vitrogen, San Diego, CA). A 70% confluent monolayer ofrole of phosphorylation of the P protein. By substituting
HEp-2 cells in a 33-mm diameter petri dish wasthe viral P protein with bacterially expressed, phosphate-
transfected with 5 mg of the pcDNA3-P DNA using Lipo-free P protein in the reconstitution reaction, we demon-
fectin (Gibco-BRL, Gaithersburg, MD) according to manu-strated an essential role of phosphorylation by cellular
facturer’s protocol. Metabolic labeling of the transfectedcasein kinase II (CKII) in the transcriptional activity of the
cells with [32P]orthophosphate and immunoprecipitationP protein (Mazumder and Barik, 1994). Deletion studies
of the labeled P protein from the cell lysates were carriedof the recombinant protein (Mazumder et al., 1994) as
out by standard procedures (Mazumder et al., 1994). To
quantitate the recombinant proteins, a duplicate transfec-
tion was performed with each recombinant plasmid in1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (334) 460-6127. an identical manner except that the [32P]orthophosphate
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was omitted. One-third of the total extract of unlabeled
transfected cells from a 33-mm petri dish was concen-
trated by lyophilization and analyzed by SDS–PAGE fol-
lowed by Western blot-ECL detection (Amersham). The
linear range of detection (approx 5–150 ng) was prede-
termined by using known amounts of purified bacterial
P protein and different times of ECL exposure of the X-
ray film as needed. The polyclonal anti-rabbit antibody
FIG. 1. Phosphorylation status of recombinant P proteins. The P
used in these studies has been described earlier (Ma- protein gene of RSV Long strain and its following mutants were cloned
zumder et al., 1994). Where indicated, bands in the auto- in pcDNA3, expressed in HEp-2 cells and 32P-labeled as described
under Materials and Methods: wild type (lane 2), S237A (lane 3), S232Aradiographs (ECL as well as 32P) were scanned by densi-
(lane 4), S232,237A double mutant (lane 5), and S116, 117, 119Alatometry (Mazumder et al., 1994).
triple mutant (lane 6). Lane 1 represents immune-precipitates from cells
transfected with the vector DNA. A shows the relative amounts of the
Phosphorylation of bacterially expressed P protein recombinants determined by Western blot-ECL detection; B presents
in vitro the 32P-labeled recombinants analyzed by SDS–PAGE and autoradiog-
raphy. The numbers below B represent relative amounts of 32P radioac-
Phosphorylation of bacterially expressed RSV P pro- tivity in the bands expressed as percentage of the wild type and normal-
tein by purified cytosolic CKII has been described pre- ized against the ECL band intensities of A.
viously (Mazumder et al., 1994). In an attempt to simulate
in vivo phosphorylation, a whole cell extract of uninfected
when used, was continuously present from 2 hr prior toHEp-2 cells was prepared as follows. Freshly grown (75 –
the addition of [32P]orthophosphate until the harvest of90% confluent) HEp-2 monolayer in a 10-cm dish was
the cells.washed twice with ice-cold phosphate-buffered saline
(PBS), once with buffer A (50 mM Tris–Cl, pH 8.0, 0.1
mM EDTA, 10 mM NaCl, 5% glycerol), and then scraped RESULTS
into 0.2 ml of buffer A containing 0.5% Tween-20 and
Phosphorylation site of recombinant RSV P expressed1 mM DTT. The suspension was sonicated in ice with
in eukaryotic cellsintermittent bursts of 5 sec to lyse the cells completely.
The resultant lysate, referred to as total or whole cell
RSV P gene and its S232A and S237A mutants were
extract, was used directly as a source of kinase to phos-
expressed in HEp-2 cells as described under Materials
phorylate P protein in vitro. Three microliters of extract
and Methods. The expressed 32P-labeled P proteins were
was used in a 20-ml standard phosphorylation reaction
immunoprecipitated and analyzed by SDS–PAGE and
otherwise identical to the previously published one (Ma-
autoradiography. Results presented in Fig. 1 show that
zumder et al., 1994). Effects of heparin, protamine, and
the phosphate contents of the S237A and S232A mutants
anti-CKII antibody on P protein phosphorylation in vitro
were 72 and 18%, respectively, of the wild-type protein,
were studied as described (Mazumder et al., 1994).
while that of the S232,237A double mutant was only 6%.
Viral L protein was purified from viral nucleocapsids
Thus, both serines appear to be the sites of phosphoryla-
as described (Mazumder and Barik, 1994) and then
tion, although Ser232 contained nearly three times as
subjected to a gel filtration chromatography in Sephadex
much phosphate at Ser237. A mutant in which three other
G-100 in the presence of 0.8 M NaCl. Reconstituted tran-
canonical CKII sites, viz., Ser116, 117, and 119 (Navarro
scription reactions, standard kinase reactions, and dena-
et al., 1991), were mutated to Ala (Mazumder et al., 1994)
turing SDS–PAGE analysis were carried out as de-
contained essentially as much phosphate as the wild
scribed (Mazumder et al., 1994).
type (Fig. 1, lane 6), demonstrating that these serines are
not detectably phosphorylated in vivo as well as in vitroIntracellular turn-over of P protein phosphates
(Mazumder et al., 1994; Villanueva et al., 1994).
The demonstration of phosphorylation at Ser232 is inRSV-infected (or mock-infected control) HEp-2 cells (at
12 hr p.i.) were metabolically labeled for 2 hr as de- apparent variance with our earlier finding that mutation
of Ser237 to Ala abrogated phosphorylation of bacteriallyscribed (Mazumder et al., 1994). Following labeling, the
radioactive medium was discarded and the monolayer expressed P protein by purified casein kinase II in vitro.
Therefore, in an attempt to reproduce the in vivo phos-was washed twice with PBS. The radioactivity in P protein
was then chased by growing the cells further in nutrient phorylation in vitro, we prepared a total extract of HEp-
2 cells, which included not only the cytosolic but themedium containing serum. At different time points of
chase, cells were lysed and processed for immunopre- nuclear and particulate (membrane) fractions as well.
When used as a potential source of kinase against bacte-cipitation of 32P-labeled P protein as described (Ma-
zumder et al., 1994). Okadaic acid or cantharidin (at a rially made P protein in vitro, the whole cell extract indeed
phosphorylated the S237A mutant more efficiently thanfinal concentration of 0.2 mM and 5 mM, respectively),
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cal to or very similar to CKII. We would like to emphasize
that although our results establish Ser232 and Ser237 as
the major sites of phosphorylation, it is formally possible
that small amounts of phosphorylation at other sites may
occur under specific conditions.
Phosphorylation at either Ser232 or Ser237 activates P
protein to different extents
We have recently shown that phosphate-free P protein
is transcriptionally inactive in vitro and that phosphoryla-
tion, primarily at Ser237 by purified CKII, can restore activ-
ity (Mazumder and Barik, 1994). Thus, the S237A mutant
was defective in transcription at all concentrations
tested, while the S232A mutant retained substantial activ-
ity when 200 ng of it was used in our standard reconsti-
tuted transcription reaction in vitro (Mazumder and Barik,
1994). Since the Ser232 residue appeared to contain the
majority (60–70% of wild type) of phosphates in vivo, we
decided to reexamine the transcriptional activity of the
S232A mutant in greater detail. First, we took bacterially
made S232A mutant and phosphorylated it at the Ser237
residue by using purified CKII (as in Fig. 2B, lane c). In
a reciprocal approach, we took the S237A mutant and
phosphorylated its Ser232 residue using total cell extract
(as in Fig. 2C, lane b). The transcriptional activity of the
two phosphorylated species was then measured using
FIG. 2. Phosphorylation of bacterially made RSV P protein in vitro. 2 a range of concentrations of these proteins with constant
mg of the following RSV P proteins and its following mutants (Mazumder
amounts of L protein and N-RNA template in reconsti-et al., 1994) were phosphorylated using purified CKII (B) or a total HEp-
tuted CKII-free transcription reactions (Mazumder and2 cell extract (C-F) using g-32P[ATP] as described under Materials and
Methods: a, wild type; b, S237A mutant; c, S232A mutant; d, S232,237A Barik, 1994). Results presented in Fig. 3 show that P
double mutant. The phosphorylation reactions were analyzed by SDS– protein containing phosphates exclusively at Ser237 (de-
PAGE followed by staining with Coomassie blue and autoradiography. noted by 2320237P) is transcriptionally defective at low
A shows a representative stained protein pattern (this particular one
concentrations, whereas at higher concentrations, it dis-corresponding to C), while C–F shows the autoradiographs. Reactions
played transcriptional activity approaching that of thein D included heparin (1 mg/ml) and those in E, protamine (1 mg/ml).
In F, the kinase extract was preincubated with 5 mg anti-CKII antibody wild type (Mazumder and Barik, 1994). On the other hand,
for 10 min in ice before use. Numbers at the bottom of panels represent P proteins containing phosphates at Ser232 (232P2370,
relative radioactivity in each band determined by densitometric scan- 232P237/ in Fig. 3) exhibited proportional amounts of
ning; those in B are expressed as percentage of radiolabel in lane a
transcriptional activity at all concentrations tested. Theof B while all other numbers are expressed as percentage of label in
transcriptional defect of the S237A mutant reported ear-lane a of C.
lier was, therefore, most likely due to the lack of its phos-
phorylation at the Ser232 residue, since the kinase activity
used in that reaction could not phosphorylate the S237Athe S232A mutant (Fig. 2C). Thus, phosphorylation of bac-
terially made P protein by a total cell extract in vitro mutant (Mazumder et al., 1994). Thus, it appears that
phosphate groups presented by either Ser232 or Ser237,approximates the phosphorylation pattern of recombi-
nant P expressed in vivo. In order to identify the nature regardless of the exact nature of the kinase, can activate
the transcriptional property of P protein when used atof the kinase, we then examined whether its biochemical
properties resemble those of casein kinase II as pub- sufficiently high concentrations. When both serines are
devoid of phosphate, either due to a lack of the appro-lished (Tuazon and Traugh, 1991; Barik and Banerjee,
1992a; Mazumder et al., 1994). The activity was found to priate kinase activity (Mazumder et al., 1994) or due to
mutations in both residues (i.e., S232,237A double mutantbe inhibited by a monospecific anti-CKII antibody (Fig.
2F) and by micromolar concentrations of heparin (Fig. in Table 1, line 5), the resultant P protein becomes tran-
scriptionally inactive.2D), and either unaffected or slightly stimulated by prot-
amine at a Mg/2 concentration of 5 mM (Fig. 2E). Since Interestingly, the wild-type bacterial protein, phosphor-
ylated at Ser237 (Mazumder et al., 1994) by purified CKIIthese properties are highly characteristic of CKII (Tuazon
and Traugh, 1991), we conclude that the kinase is identi- (tentatively denoted as 232/237P in Fig. 3), exhibited an
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protein species used in Fig. 3. Results presented in Table
1 show that this species in fact has a significantly higher
phosphate content (0.92 mol; line 4) than either single
mutant, 232P2370 (0.64 mol; line 2) or 2320237P (0.71 mol;
line 3). The vesicular stomatitis virus (VSV) (NJ) P protein,
used as a standard substrate in a parallel reaction, exhib-
ited a stoichiometry of about 1.1 (data not shown). Since
the VSV protein is known to be phosphorylated at Ser59
and 61 (Barik and Banerjee, 1992a; Takacs et al., 1992),
these results suggest that 232/237P (Fig. 3) indeed con-
tains some phosphates at Ser232, likely at substoichiome-
tric amounts, which may explain its intermediate tran-
scription phenotype.
Phosphate groups of RSV P protein are stable in vivo
We had previously shown that Ser237 phosphates are
FIG. 3. Transcriptional activity of P proteins of different phosphoryla- sensitive to calf intestinal phosphatase in vitro (Ma-
tion profiles. Notations used: / and 0, wild type (Ser) and mutant (Ala), zumder et al., 1994), which suggested that the phos-
respectively; P, phosphorylation. In vitro transcription reactions were phates have the potential to turn over in vivo and thisreconstituted as described under Results and Materials and Methods
may provide a mode of regulation of P protein function.using a range of concentrations (10, 20, 50, 100, 150, and 200 ng) of
However, a direct analysis of the turnover of RSV P pro-each P protein as indicated (See Fig. 2 for the phosphorylation status
of these proteins): viral protein purified from RSV nucleocapsids (l); tein phosphates has not been performed. To initiate
wild-type bacterial P, phosphorylated at both Ser232 and Ser237 by total these studies, we first investigated the phosphatase sen-
cell extract (232P237/, j); S237A mutant phosphorylated at Ser232 by sitivity of the Ser232 phosphates in vitro. Bacterially syn-total cell extract (232P2370, n); wild-type bacterial P phosphorylated
thesized S237A P protein was 32P-labeled by total cellby purified CKII (232/237P; L); S232A mutant phosphorylated at Ser237
extract and used as substrate against calf intestinalby purified CKII (2320237P; m); phosphate-free S237A mutant
(232/2370; h); S232,237A double mutant (23202370; s). The phosphor- phosphatase essentially as described (Mazumder et al.,
ylation notations used here are meant primarily for simplicity and are 1994). These studies showed that the Ser232 phosphates
based on the assumption that all phosphorylation in P protein is limited were as sensitive to phosphatase (data not shown) asbetween Ser232 and Ser237 residues (also see Table 1).
were those of Ser237. In order to determine whether P
protein phosphorylation is stable in vivo, we then pulse-
labeled RSV-infected cells with [32P]orthophosphate andintermediate concentration response of transcription
(Fig. 3). In an attempt to determine whether this is possi- chased the label with time. Results presented in Fig. 4
demonstrate the stability of the phosphates over the timebly due to additional phosphorylation at Ser232, we esti-
mated the stoichiometry of phosphates in the various P of the experiment (up to 10 hr), suggesting that HEp-2
TABLE 1




Mutant Kinase source Ser232 Ser237 mole protein 50 ng P 200 ng P
1. Wild type Total CE /// / 0.85 6.3 9.8
2. S237A Total CE /// 0 0.64 7.6 10.0
3. S232A Purified CKII 0 /// 0.71 0.7 9.2
4. Wild type Purified CKII // // 0.92 3.5 8.5
5. S232, 237A Total CE 0 0 0.05 0.6 0.8
Note. Bacterially expressed P proteins were used as substrate in standard phosphorylation reactions using g-32P[ATP] of known specific activity
as phosphate donor, and either total HEp-2 cell extract (total CE) or purified CKII as kinase (Fig. 3). Plus and minus signs indicate relative amounts
of phosphate and are only approximate (See Text). Assignment of phosphates to a particular serine in the wild-type proteins (lines 1, 4) is conjectured
from mutational analysis (such as in Fig. 1 and 2). The stoichiometry of phosphorylation was calculated on the basis of radioactivity present in the
P protein band and the specific activity of ATP; any contribution of ATP from the cell extract was ignored. The stoichiometry figures were an average
of two to three experiments and varied 5–10% between experiments. Transcriptional activity of a given phosphorylated species of P was measured
at varying concentrations and plotted in Fig. 3; values for only two concentrations (50 and 200 ng) are shown here in picomoles of [32P]UMP
incorporated per milligram N-RNA template per hour at 327 (Barik, 1992).
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amine is not related to an inhibition of L kinase but per-
haps due to the inhibition of the viral polymerase (tran-
scriptase) in a more direct discussion manner.
DISCUSSION
FIG. 4. Phosphate groups of P protein are stable in vivo. 32P-labeled
RSV P protein was immunoprecipitated from virus-infected (or mock- In this communication, we have undertaken a detailed
infected, lane U) cells at various times of chase (represented by number study of the sites of phosphorylation of P protein in vivo
of hours on each lane: 0, 4, and 10 hr) and analyzed by SDS–PAGE
as well as the relative roles of the phosphorylated sitesas described under Materials and Methods. An autoradiograph of the
in viral transcription. The major conclusions of our stud-gel is shown. OA indicates immunoprecipitates obtained from okadaic
acid (0.2 mM)-treated cells and none from untreated cells. ies can be summarized as: (a) Phosphorylation at either
Ser232 or Ser237 activates the transcription activity of P
protein (Fig. 3), since complete loss of activity of RSV P
cells may lack a phosphatase activity that could dephos- protein seems to require lack of phosphate residues at
phorylate RSV P protein. This is further evidenced by the both sites; (b) Phosphate groups at these two sites, how-
fact that okadaic acid (0.2 mM) (Fig. 4) and cantharidin ever, appear to contribute to the activation process with
(5 mM, data not shown), established inhibitors of protein different efficiency (Fig. 3); (c) Phosphates at Ser232 prob-
Ser/Thr phosphatases, did not appreciably increase the ably play a more important role since they are more
phosphorylation of the P protein (Fig. 4). Thus, the regula- abundant in vivo (Fig. 1; Sanchez-Seco et al., 1995), are
tion of RSV P protein phosphorylation appears to be dif- produced more abundantly by crude extracts in vitro (Fig.
ferent from that of Sendai virus P protein, phosphorylation 2), and are transcriptionally more active (Fig. 3) than the
of which could be stimulated nearly sixfold by treating Ser237 phosphates; (d) Phosphates incorporated in viral
Sendai-infected cells with phosphatase inhibitors (By- P protein in infected cells do not undergo any apprecia-
rappa et al., 1995). ble turn over (Fig. 4); (e) L protein of RSV is devoid of
P protein phosphorylation activity in vitro (Fig. 5). The
Purified RSV L protein is devoid of P phosphorylating
significance of these findings is discussed below.
activity
The most unifying conclusion emerging from the two
kinds of concentration kinetics of transcription observedWhile no RSV-encoded protein kinase has yet been
in Fig. 3 is that P proteins containing Ser232 phosphatesidentified, in at least two other negative strand RNA vi-
have a substantially higher transcription activity thanruses, viz., VSV (New Jersey serotype) and Sendai virus,
those with Ser237 phosphates, especially discernible atthe viral L proteins appeared to associate with a kinase
lower concentrations of P. The potent transcription activ-activity that could phosphorylate the cognate P proteins
ity of viral P protein (Fig. 3) also suggests that it may bein vitro (Sanchez et al., 1985; Barik and Banerjee, 1992a,b;
predominantly phosphorylated at Ser232. We suspect thatEinberger et al., 1990; Hammond et al., 1992b). In VSV,
either phosphate can impart the proper conformation toprotamine inhibited this kinase activity as well as tran-
scription in vitro (Barik and Banerjee, 1992a). In view of
these findings, we decided to test whether RSV L protein
possesses any P protein kinase activity. The final prepa-
ration was transcriptionally active when reconstituted
with viral P protein, N-RNA template, and cytosolic extract
in vitro as described previously (Mazumder and Barik,
1994). Kinase activity of this preparation was tested using
three kinds of RSV P protein as substrate: bacterially
expressed, phosphate-free P protein; bacterially ex-
pressed P protein prephosphorylated by total HEp-2 cell FIG. 5. Lack of P kinase activity in RSV L. 1.5 mg of bacterially made
RSV P protein was used as substrate in standard phosphorylationextract; and viral P protein purified from mature RS viri-
reactions (Materials and Methods) with the following as potentialons. As shown in Fig. 5, L protein failed to phosphorylate
sources of kinase and g-32P[ATP] as phosphate donor (except in laneany of these P proteins, demonstrating a lack of P kinase
4, see below)): 1, total cell extract; 2, heparin-treated total cell extract;
activity in L or associated with L. In addition, no phos- 3, L protein. In lane 4, P protein was first phosphorylated by total cell
phorylation could be observed in heparin-treated viral extract in the presence of unlabeled ATP; then heparin was added to
the reaction, and incubation continued for 2 min; finally, L and g-nucleocapsids that contained N-RNA, P as well as L
32P[ATP] were added and incubation continued for another 15 min. Inprotein (data not shown). Interestingly, protamine at a
lane 5, 0.8 mg viral P protein, purified from RSV nucleocapsids (Ma-concentration of 1 mg/ml still caused about 90% inhibition
zumder and Barik, 1994) was used as substrate in a standard kinase
of RSV transcription reconstituted with this same L prepa- reaction with L and g-32P[ATP]. The reactions were analyzed by SDS–
ration in vitro (data not shown). Thus, it appears that at PAGE; the stained gel (A) and its autoradiograph (B) are shown. The
split band in lane 1 is due to a crack in the gel.least in RSV, the transcription inhibitory effect of prot-
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the C-terminal domain of the P protein necessary for
transcription, but Ser232 phosphates are more effective
in this regard. The reasons behind the intermediate tran-
scription activity of P protein phosphorylated by purified
CKII and its higher-than-one stoichiometry of phosphates
are not clear. The simplest explanation is that purified
CKII, following phosphorylation of Ser237 in vitro, also
phosphorylates Ser232 to some extent in a cascade man- FIG. 6. Sequence conservation around Ser232 and Ser237 of P protein
(see text for references). C-terminal 12 residues in the deduced aminoner. While this is under investigation, phosphorylation of
acid sequences of various RSV P proteins are presented; Ser232 andSer232 in vivo or by total cell extract in vitro certainly does
Ser237 are underlined.
not require Ser237 phosphates, since the S237A mutant is
efficiently phosphorylated (Figs. 1 and 2). An interesting
conjecture is that the binding of a cellular protein to the n / 3, where the Ser is in position n (Fig. 6). In addition,
both Ser232 and Ser237 are highly conserved in P proteinsC-terminal domain of P (see below) achieves the same
effect as phosphorylation of Ser237 and makes the Ser232 of RSV strains sequenced so far: four human (Satake et
al., 1984; Lambden, 1985; Lopez et al., 1988; Johnson andsite accessible for phosphorylation.
At this time, we do not have an explanation for the Collins, 1990), one bovine (Mallipeddi and Samal, 1992),
and one ovine (Alansari and Potgieter, 1994). As showndifferential selection of Ser residues by purified cytosolic
CKII and the kinase activity in the whole cell extract in Fig. 6, the neighboring residues of Ser237 and those
downstream of Ser232, including the critical n / 3 residuewhose properties as tested are very similar to those of
CKII (Figs. 1 and 2). If the cellular kinase is indeed CKII, Asp, are essentially identical in all RSV P proteins, while
those just upstream of Ser232 are somewhat more vari-we speculate the following possibilities to explain their
differential activity towards P protein: (a) Nuclear CKII able. It will be interesting to determine the exact sites of
CKII-mediated phosphorylation in the other P proteinsmay phosphorylate RSV P protein differently from cyto-
plasmic CKII. Although the purified CKII used in our stud- and compare them with those of the Long strain.
In recent years, P proteins of a number of nonseg-ies was obtained from soluble cytosol (Mazumder et al.,
1994), recent studies have shown that the bulk of cellular mented negative-strand RNA viruses have been shown
to serve as substrates for well-characterized cellular ki-CKII is located in the nucleus, the cytoplasm contributing
a much smaller fraction (Krek et al., 1992). It is possible nases in vitro. These include: P proteins of VSV (NJ and
Indiana serotypes) and RSV (Long), phosphorylated bythat the two forms of CKII may differ in subtle ways in
their recognition of specific substrates. (b) P protein itself CKII; and recently, P protein of human parainfluenza virus
type 3 (HPIV-3), phosphorylated by the z subunit of pro-may associate with a cellular protein in vivo, which alters
its recognition by CKII. Clearly, studies of cellular local- tein kinase C (De et al., 1995). In VSV (Takacs et al., 1992;
Barik and Banerjee, 1992a,b; Gao and Lenard, 1995) andization of P, a detailed biochemical analysis of the kinase,
and the tripartite interaction between the kinase, the P RSV (Mazumder and Barik, 1994), we and others have
demonstrated an essential role of this phosphorylationprotein, and the cellular protein(s) should help pinpoint
the exact mechanism of enzyme-substrate recognition in the transcriptional activity of the P protein in vitro. It
should be mentioned that in spite of these studies, thereinvolved in P protein phosphorylation. These analyses
are currently under way. is no direct evidence as yet supporting a role of phos-
phorylation in P activity for any RNA virus in vivo, althoughWhile our studies were in progress, a similar pattern
of phosphorylation of RSV P protein was derived by Vil- an indirect evidence is recently provided from studies in
HPIV-3 whereby use of a pseudopeptide inhibitor of pro-lanueva and co-workers through a more detailed analy-
sis of recombinant P protein mutants expressed in a tein kinase C inhibited viral replication in cell culture (De
et al., 1995). Due to the essential nature of CKII in cellularvaccinia-based system (Sanchez-Seco et al., 1995). Their
studies, as well as ours, pointed to Ser232 and Ser237 as metabolism, selective viral inhibition experiments have
not been possible for VSV or RSV. Nevertheless, the sta-virtually the only two sites that are phosphorylated by
CKII in the recombinant P protein. Thus, in both VSV and bility of the phosphates of the viral P protein in RSV-
infected cells (Fig. 4) underscored the potential impor-RSV, phosphorylation occurs at two neighboring sites,
Ser59 and 61 in VSV (Barik and Banerjee, 1992a; Takacs tance of phosphorylation in viral transcription. Since in
vitro, P protein can be dephosphorylated by a variety ofet al., 1992), and Ser232 and 237 in RSV albeit to different
extents (Mazumder et al., 1994; Sanchez-Seco et al., phosphatases such as calf intestinal phosphatase (Ma-
zumder et al., 1994), bacterial alkaline phosphatase, and1995; this study). Regardless of the mechanism of site
selection, it is noteworthy that both Ser232 and Ser237 lambda phosphatase (Barik, 1993; our unpublished ob-
servation), the in vivo stability of the phosphates probablyconform to the consensus CKII-site motif (Kennelly and
Krebs, 1991) in that they are surrounded by acidic resi- owes to the lack of a putative P protein phosphatase.
This is further suggested by a lack of increased phos-dues with a critical acidic residue (Asp) being at position
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Barik, S. (1992). Transcription of human respiratory syncytial virus ge-phorylation in the presence of phosphatase inhibitors
nome RNA in vitro: Requirement of cellular factor(s). J. Virol. 66,(Fig. 4) and by our inability to dephosphorylate 32P-la-
6813–6818.
beled P protein in vitro using HEp-2 cell extracts (data Barik, S. (1993). Expression and biochemical properties of a protein
not shown). serine/threonine phosphatase encoded by bacteriophage l. Proc.
Natl. Acad. Sci. USA 15, 10633–10637.As mentioned earlier, L preparations of VSV (NJ) and
Barik, S., and Banerjee, A. K. (1992a). Phosphorylation by cellular caseinSendai have been reported to contain potent protein ki-
kinase II is essential for transcriptional activity of vesicular stomatitisnase activity (L-associated kinase, abbreviated as LAK)
virus phosphoprotein P. Proc. Natl. Acad. Sci. USA 89, 6570–6574.
that phosphorylates P proteins of these viruses in vitro. Barik, S., and Banerjee, A. K. (1992b). Sequential phosphorylation of
It has been suggested that this may be an intrinsic prop- the phosphoprotein of vesicular stomatitis virus by cellular and viral
protein kinases is essential for transcription. J. Virol. 66, 1109–1118.erty of the L protein rather than a distinct copurified ki-
Barik, S., Takacs, A., Das, T., Sleat, D., and Banerjee, A. K. (1993).nase, based primarily on affinity labeling of L proteins of
Structure and function of the vesicular stomatitis virus RNA-depen-VSV (NJ) and Sendai with ATP analogs (Sanchez et al.,
dent RNA polymerase. In ‘‘Regulation of Gene Expression in Animal
1985; Hammond et al., 1992a), and the biochemical differ- Viruses’’ (L. Carrasco, N. Sonenberg, and E. Wimmer, Eds.), NATO
ence between LAK and cellular kinases (Barik and Ban- Advanced Science Institutes Series, Series A, Life Sciences, Vol.
240, pp. 115–124. Plenum, New York.erjee, 1992a,b). Furthermore, two lines of indirect evi-
Beckes, J. D., and Perrault, J. (1992). Stepwise phosphorylation of vesic-dence suggested a possible role of L-mediated phos-
ular stomatitis virus P protein by virion-associated kinases and un-phorylation in P function, at least in vitro: (i) Mutation of
coupling of second step from in vitro transcription. Virology 188,
two specific Ser residues to Ala in the P protein of VSV 606–617.
(NJ) abolished its phosphorylation by LAK and its tran- Byrappa, S., Hendricks, D. D., Pan, Y-B., Seyer, J., and Gupta, K. C.
(1995). Intracellular phosphorylation of the Sendai virus P protein.scription activity (Chattopadhyay and Banerjee, 1987); (ii)
Virology 208, 408–413.LAK could phosphorylate P protein only after phosphory-
Chattopadhyay, D., and Banerjee, A. K. (1987). Phosphorylation withinlation of P by CKII; protamine inhibited LAK-mediated
a specific domain of the phosphoprotein of vesicular stomatitis virus
phosphorylation of P as well as viral transcription (Barik regulates transcription in vivo. Cell 49, 407–414.
and Banerjee, 1992a). Our studies reported here show Collins, P. L. (1991). The molecular biology of human respiratory syncy-
tial virus (RSV) of the genus Pneumovirus. In ‘‘The Paramyxoviruses’’the absence of such a P kinase in RSV L preparations
(D. W. Kingsbury, Ed.), pp. 103–162. Plenum, New York.and thus suggest that it may not be important for RSV
De, B. P., Gupta, S., Gupta, S., and Banerjee, A. K. (1995). Cellulargene expression. The fact that RSV transcription is still
protein kinase C isoform z regulates human parainfluenza virus type
inhibited by protamine raises the possibility that prot- 3 replication. Proc. Natl. Acad. Sci. USA 92, 5204–5208.
amine may exert a general inhibition of the RNA-depen- Einberger, H., Mertz, R., Hofschneider, P. H., and Neubert, W. J. (1990).
Purification, renaturation and reconstituted protein kinase activity ofdent RNA polymerase that is not causally related to an
the Sendai virus large (L) protein: L protein phosphorylates the NPinhibition of L kinase. Although it remains to be deter-
and P proteins in vitro. J. Virol. 64, 4274–4280.mined whether the same may apply for VSV (NJ), studies
Gao, Y., and Lenard, J. (1995). Multimerization and transcriptional acti-
of VSV (Indiana) transcription complex have either ques- vation of the phosphoprotein (P) of vesicular stomatitis virus by ca-
tioned the role of L kinase (Massey et al., 1990; Beckes sein kinase-II. EMBO J. 14, 1240–1247.
Hall, C. B. (1994). Prospects for a respiratory syncytial virus vaccine.and Perrault, 1992) or failed to demonstrate a kinase
Science 265, 1393–1394.activity associated with highly purified, transcriptionally
Hammond, D. C., Evans, R. K., and Lesnaw, J. A. (1992a). The L proteinactive L preparations (Massey et al., 1990; Gao and Len-
of vesicular stomatitis virus transcription complexes is specifically
ard, 1995), while confirming a role of CKII-mediated phos- photolabelled by 5-azido-uridine 5*-triphosphate, an analogue of the
phorylation of P protein in multimerization and transcrip- RNA polymerase substrate uridine 5*-triphosphate. J. Gen. Virol. 73,
tion (Barik et al., 1993; Gao and Lenard, 1995). Clearly, 61–66.
Hammond, D. C., Haley, B. E., and Lesnaw, J. A. (1992b). Identificationthe P protein kinase activity associated with L, even if it
and characterization of serine/threonine protein kinase activity intrin-is an intrinsic property of some L proteins (Einberger et
sic to the L protein of vesicular stomatitis virus New Jersey. J. Gen.al., 1990; Hammond et al., 1992b), may not be a universal Virol. 73, 67–75.
feature of all negative strand RNA viruses. Heilman, C. A. (1990). From the National Institute of Allergy and Infec-
tious Diseases and the World Health Organisation: Respiratory syn-
cytial and parainfluenza viruses. J. Infect. Dis. 161, 402–406.ACKNOWLEDGMENTS
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